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PS1: Materials and methods

Fabrication of GO suspension

Graphene oxide (GO) were prepared from natural graphite powder via a modified
Hummers methodS!-S3. Graphite powders were put into concentrated H,SO,, K,S,0s,
and P,0Os solution with continuous stirring for several hours. Then the mixture was
diluted with deionized water (DI), centrifuged, and washed with DI water. After dry,
the preoxidized graphite was obtained. Then, they were further oxidized in concentrated
H,S0,4 and KMnQ,, diluted with DI water, followed by the addition of 30% H,0,. The
product was centrifuged and washed with 1:10 HCl aqueous solution and DI water
sequentially to remove ion species. At last, the concentration of the as-prepared GO

suspension (4 mg/mL) was diluted to about 7.5 mg/L with DI water.

GO Membrane Preparation

GO membranes were prepared from the 7.5 mg/L GO suspensions on the mixed
cellulose ester (MCE) substrates under the applied pressure of 1 bar using vacuum
filtration. Then the GO membranes without drying treatment were prepared to conduct
the multivalent metal ions rejection experiments. The GO membranes with four
thickness of about 100 nm, 200 nm, 400 nm and 800 nm were prepared by using 20
mL, 40 mL, 80 mL and 160 mL of 7.5 mg/L. GO suspensions, which were denoted as
GO-20, GO-40, GO-80 and GO-160 membranes, respectively.

GO membranes fabricated by conventional drop-casting method were prepared by
drop-casting the GO suspension (4 mg/mL, 1 mL) droplets onto a smooth paper
substrate. The GO membranes fabricated by conventional drop-casting method were
drying thoroughly at 60 °C for 12 hours. After that, they were peeled off, rinsed and

soaked with DI water for more than half an hour to remove the absorbed metal ions



(especially the Mn?", see Fig. S1), then dried in a dry dish at room temperature for three

days. These drop-casting GO membranes were used for ion controlling experiments.

Filtration experiment

5~500 mg/L different multivalent metal cations (FeCl;, CuSO,4, Pb(NO3), or ZnSO,)
solutions were added into the feed side after the GO membrane were prepared using
vacuum filtration, respectively. Under the applied pressure of 1 bar, the salt solutions
were filtered through GO membranes. Filtrates were collected when the filtration
process became steady. The water permeance (J,) was measured by using the following

equation (1):

d (1)

Y AtxAx P

where Jy is the water permeance (L m™2 h™! bar™!), V is the volume of the filtrate (L),
A is the effective membrane area (m?), At is the permeation time (h) and the P is the

applied pressure (bar).

The feed volume is 100 mL, applied pressure is 1 bar, and effective filtration area is

11.74 cm?.

The rejection rate (R) for the multivalent ions were calculated from the concentration
of the feed and permeate solutions. The rejection rate was measured by using the
following equation (2):

R=0-52)x100% (2)
Cf

where C, and Crare the concentration of permeation and feed ions solution which were
measured by inductive coupled plasma-optical emission spectrometry (ICP-OES),

respectively.



Three parallel permeation tests were performed to obtain the average values of water

permeance and rejection rate.

Adsorption experiment

GO membranes were prepared from 40 mL, 7.5 mg/L GO suspensions on substrates
using vacuum filtration. Then, 100 mL, 5 mg/L FeCl;, Pb(NO3),, ZnSOy, and CuSOy4
solutions were added to the feed side, respectively. These salt solutions under ambient
conditions (without vacuum filtration) were stirred with a blender at ~180 RPM. Next,
samples were collected at different pre-determined time intervals in 120 min to evaluate
the residual salt concentrations of the solutions. We noted that the salt solutions in the
feed side permeated very slowly though the GO membranes due to their own gravity,
the filtrates were only ~ 5 mL within 120 min. Therefore, the effect of the small volume
of filtrates on the salt concentration during the adsorption experiments could be
negligible.

The adsorption efficiency (AE) was defined by using the following equation (3):

Ca
AE = (1 ——) * 100%
CO

€)

where, Co and Ca is the initial feed concentration and the concentration of salts after

adsorption equilibrium, respectively.

Characterizations

As-prepared GO membranes were characterized by scanning electron microscope
(SEM, Hitachi, S-4800) and X-ray diffraction (XRD, Siemens, 08DISCOVER,
A=0.15418 nm). The concentrations of ions solutions were determined using PS7800

inductive coupled plasma optical emission spectrometer (ICP-OES).



Calculation Methods

The B3LYP 3455 method is used to study the intermolecular interactions. For geometry
optimizations, the double-{ basis was employed, and a d-polarization function was
added (marked with 6-31 G(d)). The pseudopotential function with Lanl2dz is
introduced into the basis set for Fe** ion. Two graphene surfaces of 15.69 x 12.26 A2
were used for the DFT study, which were large enough to obtain results with a tolerable

error. All calculations were carried out using the Gaussian-09 programS°.



PS2: XPS spectra for the GO membrane
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Supplementary Fig. S1. X-ray photo electron spectrometer (XPS) spectra of the GO

membrane.

Elements in the GO membrane was characterized using X-ray photoelectron
spectrometer spectra (XPS). As shown in Fig. S1, for the pristine GO membrane, Mn?*

in the membrane were undetected (see insert of Fig. S1), indicating there is almost no

residual Mn?* ions.




PS3: Filtration performance of the nanofiltration membranes
reported in literature in terms of water permeances and

rejection rates for multivalent ions

Supplementary Table S1 Comparisons of different nanofiltration membranes in water

permeances and rejection rates for multivalent metal ions in literature.

Water
, , permeance Rejection Membrane
Material Solution e
(Lm™h rate Type
bar
Noria—PEI IPf! MgSO, 27.6 97.7% TFC/TFN
TMC/CNC-PES 2 MgSO, 34.1 82% TFC/TFN
TMC/SWCNTS-
MgCl, 38.0 92.5% TFC/TFN
PES B
TMC/ PVC UF # MgCl, 15.2 98.6% TFC/TFN
TMC/MWCNTS- MgCl 17. 9
eCl 76 78% TFC/TFN
PES 5
PIP-TMC/TA- MgCl, 10.5 70.0% TFC/TFN
DETA/ PSF o
TMC/UCN 7 MgSO,4 17.6 79.8% TFC/TFN
TMC/PDA/PES MgCl, 11.4 12.3% TFC/TFN
PDA-MWCNTS MgCl, 15.3 91.4% TFC/TFN
+TMC/PSF P
PVA-TMC/PSF 19 MgCl, 13.4 6.5% TFC/TFN
DCPO-IPDC MgCl, 17.9 92.1% TFC/TFN
/BTEC/PSF f1!
BPF/PIP- MgCl, 11.9 49.4% TFC/TFN

TMC/PES 12



PVA-TMC/PSF 13
Dow-Filmtec
NF 270 f14
Dow-Filmtec
NF 90 13
PSE-GO-DMF f1¢
HPEI-GO 107

Chitosan PES
composite
membrane 18

PDA/TFC
composite
membrane 1°

PDA/PEI
membranes 20

TFC /PES
support 21
GO/Ti02-

PDDA 22

T™V 23

GO/QDs 24

GO/PAN

MWNT-
rGO/PVDF 126

CNT-PA 27

Ui0-66 28

Mng

MgCIZ

MgC12

Cr3*

Ni2*

Pb(NO;3),

Pb(NOs),

Pb(NO3),

NiCl,

Mng

MgSO4

CdCl,

Mng

Mng

MgSO4

MgClz

249

13.2

6.7

13.5

4.2

3.5

3.5

50

2.5

51.2

62.0

17.36

17.0

11.3

12.0

0.14

91.2%

60.0%

96.0%

91.2%

94.6%

93.1%

91.1%

79.0%

66.0%

93.2%

98.0%

29.4%

37.0%

9.6%

98.3%

98.0%

TFC/TFN

TFC/TFN
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TFC/TFN
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materials

2D
materials

2D
materials
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materials
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materials
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materials
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rGO/PVDF 20

Mzxene 30

ZIF-PA B!

UV-GO B2

MoS2 33

MOF/Chitosan 34

COF B33

GO

MgCIZ

Mng

MgSO4

MgC12

CU(NO3)2

Mng

MgCIZ

FeC13
CuSOy4

Pb(NOs3),
ZHSO4

3.26

45.5

2.8

2.5

3.2

41.5

75.2
56.6
46.6
48.7

20%

82%

40%

78.4

90.0

93.0%

90.2%

99.9%
97.8%
86.9%
83.0%
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PS4: Effect of concentration of FeCl; solution on filtration

performances
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Supplementary Fig. S2. (a) Digital images of the GO membranes before and after
rejection for 250 mg/L FeCls solution; and FeCl; solution added in the feed side and
the permeate though the GO membranes. (b) Water permeances and rejection rates of

the GO membranes as a function of concentration of FeCls; solutions.
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PSS5: Adsorption experiment for the GO membrane in high

concentration solution
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Supplementary Fig. S3. Concentration variations of 500 mg/L FeClj; solution adsorbed

by the GO membranes as a function of adsorption time.
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PS6: Experimental setup for the mass balance experiment

The mass balance experiment for 500 mg/L FeCl; solution rejection has been
investigated to justify the mass balance of feed and permeate during the rejection
experiments. As shown in Fig. S4(a), during the filtration process, we recycled the
filtrates into the feed side to test the change of salt concentration in the feed, which is

referred to the method reported previously 37.

@ (b)

Pressure

—
=
=
=]

750 1

Recycling of
filtrate back
into the feed
(5 times)

Feed solution

GO membrane 2504

Feed Concentration (mg/L)
tn
=

=]

=
w
™
L=

12

Cycle Time

Supplementary Fig. S4. (a) Schematic of operation process for semi-continuous mass
balance experiment and (b) Variations of feed concentration with cycle numbers. Feed

volume is 200 mL, operation pressure is 1 bar, and effective filtration area is 11.74 cm?.

In details, 200 mL FeCl; solution was added to the feed side, then the salt solution was
filtered through the GO membranes under a pressure of 1 bar. When the filtrate was
collected to approximately 80 mL solution, the filtrate was recycled into the feed side.
The feed concentrations of the FeCl; solution before and after recycling filtrate were
measured, respectively. As shown in Fig. S4(b), the periodic variation of salt
concentration in the feed was about 500~800 mg/L. In one cycle, the salt concentrations
in feed side significantly increased from ~500 mg/L to ~800 mg/L, indicating an
effective rejection rather than adsorption by our membranes. Moreover, a stable
rejection for the FeCl; solution was presented from the stable and periodic variations

16



of salt concentration, even though concentration polarization was enhanced due to the

increase of salt concentrations in the feed side.
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PS7: Stability experimental for the GO membrane

L 100 100
: 3 r
= 80 80
E |
2 6o} {60 &
m o p o
g | ] S
s -

40 F 140
g 1" =
5 [ 1 =
A 2
p 20p {20
o] L 4
3 0 P [ 2 o [l 2 2 ] 2 a [ 2 2 [ 0

0 20 40 60 80 100

Time (min)

Supplementary Fig. SS. Variations of water permeance and rejection rate of 5 mg/L
FeCl; solution through GO membranes as a function of filtration time. Blue and red

lines correspond to water permeances and rejection rates, respectively.
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PS8: Experimental setup for long-term experiment

100 mL, 500 mg/L FeClj; solution was added into the feed side, after the GO membrane
were prepared using vacuum filtration. Under a pressure of 1 bar, the salt solutions were
filtered through GO membranes. 30 mL filtrates were collected after 20 min when the
filtration process became steady. Then, removed the residual salt solution, rinsed the
GO membrane in the feed side for surface cleaning, and added another 30 mL DI water
into the feed side, kept still before subsequent permeation of the DI water for filtration
cleaning. Repeated the filtration process three times per day. The long-term test was

conducted for 5 days, as shown in Fig. S6.
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Supplementary Fig. S6. Long-term performance measurements of the GO membranes

for 500 mg/L FeClj; solution for 5 days.
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PS9: SEM images of GO membranes prepared by vacuum

filtration with different vacuum loading

(a) Prepared by vacuum filtration (b) With vacuum loading fo

500 nm 500 nm

Supplementary Fig. S7. Cross-sectional SEM images of GO membranes. (a) Initial
GO membrane prepared by vacuum filtration within 0.5 h. (b) GO membrane with

vacuum loading for 3 days.

Fig. S7 shows that the cross-sectional SEM images of initial GO membrane prepared
by vacuum filtration within 0.5 h, and the membrane with vacuum loading for 3 days.
It can be found that the thickness of the GO membranes with long-term vacuum is
smaller and the structure of the GO membranes is indeed more compacted than initial

GO membrane prepared by vacuum filtration.
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PS10: XRD of GO membranes prepared by vacuum filtration

with different vacuum loading
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Supplementary Fig. S8. X-ray diffraction for dry GO membranes prepared by vacuum

filtration within 0.5 h, and the membrane with vacuum loading for 3 days, respectively.
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PS11: Experimental setup for high pressure experiment
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Supplementary Fig. S9. (a) Digital image of dead-end pressure filtration cell. (b)
Filtration performance of the GO membranes for FeCl; solution with high pressure in

the range of 2 to 12 bar.
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PS12: SEM characterization for the GO membranes with

different thickness

(2) GO-40

Supplementary Fig. S10 Cross-sectional SEM images of the GO membranes with
different thicknesses. (a) and (¢) Cross-sectional SEM images of the GO-40 membrane.
(b), (d), and (e) Cross-sectional SEM images of the GO-20, GO-80, and GO-160

membranes, respectively.
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PS13: Effect of membrane thickness on FeCl; permeation

behavior
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Supplementary Fig. S11. Water permeances and rejection rates of 5 mg/L FeCls

solutions through the GO membranes as a function of thickness.
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PS14: Experimental setup for X-ray diffraction detection

The GO membranes (prepared by the vacuum method without drying treatment and
conventional drop-casting method) were immersed in 5 mg/L different solutions
(FeCls, Pb(NO3),, ZnSO4 and CuSO,) at room temperature for half an hour,
respectively. Then the wet membranes saturated with salt solution were removed and
analysed by X-ray diffraction. The interlayer spacings of the GO membranes prepared

by conventional drop-casting method in various solutions are shown in Fig. S12.
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Supplementary Fig. S12. Interlayer spacings of the GO membranes fabricated by
conventional drop-casting methods immersed in different multivalent ions solutions.

Error bars indicate the standard deviation from three different samples.

We fabricated GO membranes by vacuum filtration, followed by drying at 60 °C for 12
hours. These GO membranes were analysed by X-ray diffraction. As shown in Fig. S13,
for the GO membranes prepared by vacuum filtration with drying treatment, the
interlayer spacing were 8.0 A and 13.0 A for dry GO membrane and GO membrane

immersed in pure water, consistent with the results of drop-casting method.
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Supplementary Fig. S13. X-ray diffraction for GO membranes prepared by vacuum
filtration with drying treatment. Blue and red lines correspond to XRD patterns of dry
GO membranes, and GO membranes immersed in pure water (GO membranes in wet

state), respectively.

For the ZnSO4-controlled GO membranes or the FeCls-controlled GO membranes, the
GO membranes were soaked in pure water for half an hour, and then immersed to
ZnS0O, or FeCl; solutions for half hour for pretreatment. The ZnSO,4-controlled GO
membranes or the FeCly-controlled GO membranes were toke out and immersed to
mixed salt solutions included 5 mg/LL ZnSO, or FeCl; together with other 5 mg/L
solutions (Pb(NO3),, CuSQO,, FeCl; or ZnSO,) for half hour. Finally, the membranes
were removed from the mixed salt solutions and analysed by X-ray diffraction. The
results are shown in the Fig 4 (b) and (d) for the interlayer spacings of the ZnSOy,-
controlled GO membranes or the FeCl;-controlled GO membranes, respectively, in the

main text.
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PS15: UV absorption spectral experiments

The UV absorption spectra of GO and GO in FeCl; solution are showed in Fig. S14.
The UV spectrum of GO at ~ 230 nm, which is assigned to a conjugate double bond of
the aromatic group that easily generated n-n* transition S8-51°. Compared with the UV
intensity of GO in pure water, the intensity of GO in FeCl; solution markedly decreased,
indicating that the conjugate double bonds of the aromatic group in GO are greatly

affected in the FeCl; solution, which is consistent with our theoretical computations.
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Supplementary Fig. S14. UV absorption spectra of GO suspension (50 mg/L) 1:1
mixed with FeCl; solution (5 mg/L).
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PS16: Effect of anions on permeation behavior
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Supplementary Fig. S15. Water permeances and rejection rates for the GO membranes

with different anions.
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PS17: Rejection performance of mixed-ion permeations

though the GO membrane without cationic control
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Supplementary Fig. S16. Rejection performance of mixed-ion permeations though

the GO membrane without cationic control.
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